Objectives. This study was to investigate the association of melatonin (MTN) pathway gene's single-nucleotide polymorphisms (SNPs) with susceptibility to systemic lupus erythematosus (SLE). Methods. We recruited 495 SLE patients and 493 healthy controls, 11 tag SNPs in MTN receptor 1a (MTNR1a), MTNR1b, and arylalkylamine N-acetyltransferase (AANAT) genes were genotyped and analyzed. Serum MTN concentration was determined by enzyme-linked immunosorbent assay (ELISA) kits. Results. Two SNPs of AANAT gene (rs8150 and rs3760138) associated with the risk of SLE; CC carriers of rs8150 had a lower risk as compared to GG (OR = 0:537, 95% CI: 0.361, 0.799), whereas GG carrier in rs3760138 had an increased risk (OR = 1:823 , 95% CI: 1.154, 2.880) compared to TT. However, we did not find any genetic association between the other nine SNPs with SLE risk. Case-only analysis showed associations of rs2165667 and rs1562444 with arthritis, rs10830962 with malar rash, rs3760138 with immunological abnormality, and rs8150 with hematological abnormality. Furthermore, a significant difference between plasma MTN levels with different genotypes of rs1562444 was observed. Haplotype analyses revealed that haplotype of CCTAT, CTAGT, and GGG was significantly associated with the increased risk in SLE susceptibility, but TCTAT and CTG appeared to be a protective haplotype. Conclusions. The present study supported the genetic association of MTN pathway genes with SLE susceptibility and specific clinical manifestations, suggesting the potential role of MTN pathway genes in the pathogenesis and development of SLE.
Introduction
Systemic lupus erythematosus (SLE) is a chronic and inflammatory autoimmune disease characterized by antinuclear autoantibody production and a multitude of immunecomplex deposition, which is involved in multisystem; such as the skin, kidney, and brain; and caused organs/tissue destruction [1, 2] . Until now, the etiology of SLE is still not fully understood. A large body of literatures have suggested that the interactions between exogenous (infectious triggers, ultraviolet radiation, and dietary habit) and endogenous sources (hereditary susceptibility, endocrine disorders and disturbed status of oxidative metabolism, and autoimmune responsiveness sympathetic nervous system) are responsible for the pathogenesis and development of SLE [3] [4] [5] [6] [7] [8] [9] .
Melatonin (MTN), as one of the major neuroendocrine hormones, is mainly produced and secreted by the pineal gland; it allows to regulate the circadian day-night rhythm and seasonal biorhythms and is also a key player in the neuroendocrine-immune pathway [10, 11] . Several studies have suggested the important role of MTN on the regulation of the immune system; it can skew the immune response by repressing the production of several proinflammatory cytokines (such as tumor necrosis factor-(TNF-) α, interleukin-(IL-) 1β, and IL-6), as well as blocking the DNA-binding activity of NF-κB both in vitro and in vivo, exerting an antiinflammatory effect [11] [12] [13] [14] [15] [16] .
Previous studies have investigated the underlying role of MTN in SLE. Lechner et al. observed an increased MTN level in MRL/MP-fas lupus-prone mice (represents an animal model for human autoimmune diseases, which spontaneously develops lupus-like glomerulonephritis, systemic vasculitis, arthritis, and sialadenitis) during the light phase; under the regulation of MTN, the levels of autoantibodies were reduced, and the histological changes were improved in female lupus MRL/MP-fas lupus-prone mice [17] . MTN is able to inhibit IgM, anti-dsDNA, and anti-histone antibodies, thus, decreases the levels of IL-6 and IL-13 and increases the IL-12 levels [18] . In patients with SLE, a lower daily MTN level was observed as compared to healthy controls, and this decreased daily MTN level inversely correlated with the systemic lupus erythematosus disease activity index (SLEDAI) [19] . In addition, study has also revealed the seasonal pattern of MTN levels in SLE, with an elevated daily plasma MTN levels in December than in June [20] . These findings provided the possible evidence that MTN might play a potential role in the pathogenesis of SLE.
The synthesis and function of MTN mainly depend on three MTN pathway genes, MTN receptors 1a/1b (MTNR1a/MTNR1b) are largely responsible for mediating the downstream effects of MTN, and arylalkylamine Nacetyltransferase (AANAT) is the major enzyme in MTN synthesis [21, 22] . The genetic association of MTN genes with some diseases has been demonstrated in several studies, including SLE, multiple sclerosis (MS), breast cancer, and major depression [23] [24] [25] [26] . Nevertheless, associations between genetic variation in MTN pathway genes and SLE susceptibility have not been determined.
In the present study, we conducted a case-control study to comprehensively evaluate the role of common genetic variation in the MTNR1a, MTNR1b, and AANAT genes to SLE susceptibility in a Chinese population.
Materials and Methods

Study Subjects and
Methods. This case-control genotyping study recruited a total of 988 subjects (495 SLE patients and 493 healthy controls). The sample size and power calculation of the study were computed by power and sample size program, where both the minor allele frequency (MAF) and statistical significant level were set as 0.05, odds ratio (OR) was 1.5, case and control ratio was 1 : 1 and when the statistical power was 0.8, the computed sample size for cases was 451. In addition, we also evaluated the statistical power for the 496 included cases, and the results showed that the computed statistical power was 0.833.
Patients with SLE were recruited from the Department of Rheumatology and Immunology at Anhui Provincial Hospital, The First Affiliated Hospital of Anhui Medical University. The diagnosis of SLE was established by the presence of four or more 1997 revised American College of Rheumatology (ACR) classification criteria [27] . Patients with viral infections and any history of cancer, pregnancy, and recurrent spontaneous abortions were excluded based on reviews of their appropriate history. The normal controls consisted of age, gender, and ethnicity-matched healthy individuals who belonged to the same geographical area as that of cases; normal controls were excluded if they had a family history of SLE or any other autoimmune disease and history of any chronic or lifestyle diseases like depression, hypothyroidism, hypertension, diabetes mellitus, and tuberculosis (TB). Demographics, clinical features, and related laboratory results were obtained from hospital medical records and then reviewed by experienced physicians.
The Ethical Committee of Anhui Medical University (Hefei, Anhui, China) approved this study. All the study subjects provided informed consent to participate in this study.
All studies on humans described in the present manuscript were carried out with the approval of the responsible ethics committee and in accordance with the national law and the Declaration of Helsinki 1975 (in its current, revised form).
MTN Pathway Gene's SNP Selection and Genotyping.
Ensembl Gene Browser 37 (GRCh37) (http://grch37 .ensembl.org/index.html) (Ensembl Archive Release 90) was implemented to acquire the genetic and location information of MTNR1a, MTNR1b, and AANAT genes [28] , and linkage pedigree file (PED) and marker information file were downloaded. Then, the downloaded files were used to select the tag SNPs in Haploview 4.2 software (Broad Institute, Cambridge, MA, USA), with a MAF above 0.05 in Chinese Han population (CHB) of Beijing, linkage disequilibrium (LD) with an r 2 threshold of 0.8. A total of 46 tag SNPs (23 MTNR1a tag SNPs, 13 MTNR1b tag SNPs, and 10 AANAT tag SNPs) were captured for further evaluation. The function prediction for 46 tag SNPs was assessed by the online bioinformatics tools (https://snpinfo.niehs.nih.gov/snpinfo/snpfunc.html) [29] ; the basic information of these tag SNPs is shown in Supplementary Table 1 . In addition, the published literatures about the MTN pathway gene's polymorphisms were also carefully reviewed. Based on one or more of the following criteria: assumed functionality (located in the regulatory regions, for example, 3 ′ -untranslated regions (UTR), 5 ′ -UTR, or amino acid change), r 2 ≥ 0:80 and MAF ≥ 5%, as well as previous studies reported SNPs), the five tag SNPs (rs10030173, rs2119882, rs2165667, rs4861722, and rs6847693) in MTNR1a gene, three tag SNPs (rs1562444, rs10830962, and rs3781637) in MTNR1b gene, and three tag SNPs (rs8150, rs3760138, and rs12942767) in AANAT gene were finally chosen for further genotyping.
Genomic DNA was extracted from peripheral venous blood of patients and healthy controls using a QIAGEN kit (QIAGEN, Hilden, Germany) based on the manufacturer's instructions, and quantification and concentration of DNA was determined using NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific, USA). Qualified sample requirements were shown as follows: concentration greater than 50 ng/μl, total amount greater than 600 ng, and no obvious degradation.
Genotyping was performed in using improved multiple ligase detection reaction (iMLDR), with technical support from the Center for Genetic & Genomic Analysis, Genesky Biotechnologies Inc., Shanghai. A multiplex PCR-ligase detection reaction method was used in the iMLDR. For each SNP, the alleles were distinguished by different fluorescent labels of allele-specific oligonucleotide probe pairs. Different SNPs were further distinguished by different extended lengths at the 3′ end. Two negative controls were set: one with double-distilled water as template and the other with DNA sample without primers while keeping all other conditions the same in one plate. Duplicate tests were designed, and the results were consistent. A random sample accounting for~3% of the total DNA samples was directly sequenced using BigDye Terminator version 3.1 and an ABI3730XL automated sequencer (Applied Biosystems) to confirm the results of iMLDR.
Plasma MTN Determination.
Blood samples were collected from 5 ml of whole blood of all study subjects and then stored at -80°C until assayed. Plasma MTN concentration was determined by enzyme-linked immunosorbent assay (ELISA) kits (the lower detection limit was 0.1 pg/ml) which were purchased from Anhui Xinle Biotechnology Co. Ltd.; the results of MTN were expressed as picograms per milliliter. The interassay and intraassay variation coefficients of the ELISA kit of our study were 6.9% and 7.6%, respectively.
Statistical Analysis.
The allelic and genotypic association analyses between SLE patients and healthy controls were performed in using the Chi-square or Fisher's exact test. Logistic regression analyses were utilized to calculate odds ratios (ORs), and 95% confidence intervals (CIs) for the association between genotype and SLE susceptibility, additive, dominant, recessive, and allelic models were also considered. A nonparametric test was used to compare the difference in plasma MTN levels among patients with different genotypes. Statistical analysis was implemented with the use of the SPSS (IBM Corp. Released 2015. IBM SPSS Statistics for Windows, Version 23.0. Armonk, NY: IBM Corp.).
Hardy-Weinberg equilibrium (HWE) among controls was assessed by comparing the observed-to-expected genotype frequencies using the Chi-square test. Online software SHEsis was used for haplotype analyses of each MTN pathway genes; all the haplotypes with a frequency < 0:03 were ignored in the analysis [30] . All results with a two-tailed P < 0:05 were considered to be statistically significant. The Bonferroni correction was used for multiple testing.
Results
Characteristics of the Study Population.
The present study recruited 988 subjects, with 495 SLE patients and 493 healthy controls. In SLE patients, there were 57 males and 438 females with a median age of 37.00 (28.00, 46.00) years and the median disease duration was 4.10 (range from 1.05 to 9.06) years, while there were 55 males and 434 females with the median age of 38.00 (30.00, 47.00) in healthy controls. No significant differences in gender and age distribution were observed between SLE patients and normal controls ( Table 1 ). The major clinical manifestations of SLE were immunological abnormality (73.1%), hematological abnormality (68.3%), arthritis (49.5%), malar rash (45.3%), photosensitivity (39.0%), and renal abnormality (37.2%). In control groups, the presence of observed genotype frequencies of all included tag SNPs was distributed in compliance with the HWE (all P > 0:05).
Association of MTNR1a/b and AANAT Gene's
Polymorphisms with Susceptibility to SLE. There were no significant differences in allele and genotype distribution of 8 tag SNPs in MTNR1a/b genes between SLE and healthy controls (all P > 0:05) ( Table 2 ). However, when analyzing the allele and genotype frequency of 3 tag SNPs in AANAT genes, the results showed that two SNPs of rs8150 and rs3760138 were associated with the risk of SLE susceptibility, where CC carriers of rs8150 had a lower risk as compared to GG (OR = 0:537, 95% CI: 0.361, 0.799) (P = 0:002), whereas GG carrier of rs3760138 had an increased risk as compared to TT (OR = 1:823, 95% CI: 1.154, 2.880) (P = 0:010), but we did not observe other positive findings regarding the SNPs of rs12942767 (Table 3 ).
Association of MTNR1a/b and AANAT Gene's Polymorphisms with Clinical Features in Patients with SLE.
Case-only analysis was conducted to further explore the genetic association of MTNR1a/b and AANAT gene's polymorphisms with specific clinical features of SLE. In MTNR1a/b genes, a significantly increased AA genotype frequency of rs2165667 (MTNR1a) and A allele frequency of rs1562444 (MTNR1b) were found in patients with arthritis than those without (both P = 0:024). In addition, the frequency of CC/CG genotype in rs10830962 (MTNR1b) was significantly lower in patients with malar rash than in those without (P = 0:018). In terms of the genetic association of AANAT gene with clinical features of SLE, there was a higher GG/GT/TT genotype distribution of rs3760138 in patients with positive immunological abnormality than those with negative (P = 0:024); the C/G allele and CC/CG/GG genotype frequency of rs8150 appeared to have a significantly increased risk in patients with positive hematological abnormality compared with those with negative (P = 0:039, P = 0:010, respectively). Nevertheless, no other positive findings were revealed regarding the MTNR1a/b and AANAT gene's polymorphisms with SLE clinical features (Table 4 ).
Association of Plasma MTN Concentrations with
Genotypes in Patients with SLE. The results indicated that, in patients with SLE, there was a significant difference of MTN level among genotype of AA, AG, and GG in rs1562444 (MTNR1b) (P = 0:001), which GG genotype showed an elevated MTN concentration than in AA and AG genotype (20.57 pg/ml vs 14.08 pg/ml vs 10.36 pg/ml). However, no significant differences of plasma MTN concentrations were observed in other SNPs between patients ( Table 5 ).
Haplotype
Analyses. The haplotype of tag SNPs in MTNR1a/b and AANAT genes was constructed by using SHEsis software. Haplotype analyses implied that haplotype CCTAT (MTNR1a), CTAGT (MTNR1a), and GGG (AANAT) were significantly associated with the increased risk in SLE susceptibility, but TCTAT (MTNR1a) and CTG (AANAT) appeared to be a protective haplotype (all P < 0:05). However, no positive findings of other haplotypes were observed (Tables 6-8 ).
Discussion
The neuroendocrine-immune system is regarded as a fundamental network supporting the health state that could play an important role in the development of autoimmune disorders [31, 32] . MTN, as one of the pineal gland-driven hormones, secreted in a circadian rhythm and regulated by photoperiod with the highest peak at midnight and lowest level after sunrise, acting mainly as a regulator for sleeping rhythm [33] [34] [35] [36] . In recent years, the bidirectional associations between the pineal gland and the immune system have been suggested to depend on the immune-modulating effect of MTN and the pineal regulation by different lymphokines [37] . MTN might have a direct effect on immune-competent cells, thus, fulfilling critical roles on the development and progression of autoimmune diseases [38] [39] [40] .
Our previous study has evaluated the level of MTN in patients with SLE as compared to healthy controls. Although there was no significant difference in MTN concentration between those two groups, we observed a slightly lower level of MTN in SLE patients than in healthy controls; in addition, an inverse correlation of MTN concentration with IgM was also revealed [41] . Similarly, Robeva et al. revealed that there was a decreased daily MTN level in women with SLE and found an inverse relationship between daily MTN concentrations and disease activity [19] . In the subarctic region, the study has demonstrated the presence of seasonal variations in daily MTN level, where the increased level of MTN was discovered in December than that in June [20] . These evidences suggest that the change of MTN concentration may be involved in the pathogenesis of SLE.
MTNR1a/b and AANAT play an important role during the pathway of MTN from biosynthesis to its functioning; the former MTNR1a/b genes are largely responsible for mediating the downstream effects of MTN, while the latter AANAT gene is the major enzyme in MTN synthesis. Several previous studies have investigated the underlying role of MTN pathway genes in a number of human diseases. In SLE, primary study, performed by Tanev et al., has demonstrated no significant differences in allelic and genotype distribution of MTNR1b gene (rs1562444, rs10830962, and rs10830963) polymorphisms between 109 patients with SLE and 101 controls, yet, in SLE patients, C/C genotype of rs10830963 in MTNR1b gene was related to increased prevalence of leucopenia compared to C/G and G/G genotype; the rs10830963 G/G carriers had a lower number of lupus criteria than in those with C/C genotype [25] . The MTNR1b rs10830962 and rs10830963 polymorphisms have been predominantly investigated in the context of metabolic disorders, of which rs10830962 and rs10830963 G alleles were reported to associate with reduced insulin secretion, increased fasting plasma glucose concentrations, and increased risk for diabetes in different populations [42] [43] [44] .
In autoimmune diseases of multiple sclerosis (MS), there were no significant allelic associations of SNPs rs4753426 and rs10830963 in MTNR1b gene with susceptibility to MS, but the rs10830963-rs4753426 G-T haplotype associated with the risk of MS in the progressive MS group [23] . Deming et al. analyzed the MTN pathway gene's polymorphisms in human breast cancer patients, and they supported that AA genotype of MTNR1b rs10765576 was associated with a decreased risk of breast cancer, the GG genotype in premenopausal women correlated with an increased risk for breast cancer, and however, in postmenopausal women, the GG genotype were related with a decreased risk of breast cancer; they did not observe any significant breast cancer associations for variants in the AANAT gene [24] . In patients with major depression, the two SNPs of AANAT (rs3760138 and rs4238989) were reported to be associated with an increased contribution to major depression [26] .
In the present study, the tag SNPs of rs8150 and rs3760138 in AANAT gene were associated with genetic susceptibility to SLE, but no genetic association regarding the other nine tag SNPs with SLE susceptibility was found. Case-only analysis indicated that AA genotype frequency in rs2165667 (MTNR1a) AA genotype and rs1562444 (MTNR1b) A/G allele frequency were at increased risk for arthritis and rs10830962 (MTNR1b) CC/CG genotype was at decreased risk for malar rash. In AANAT gene, rs3760138 GG/GT/TT genotype associated with positive immunological abnormality than those with negative, and rs8150 CC/CG/GG genotype and its C/G allele appeared to have an increased risk for hematological abnormality. Moreover, we also found that there was a significant difference of MTN concentration samong the genotype of AA, AG, and GG in rs1562444 (MTNR1b), where the GG genotype showed an elevated MTN concentration than in AA and AG genotype. We might hypothesize that the rs1562444 variant polymorphisms lead to the aberrant expression of MTN in patients with SLE. Later, the haplotype of MTNR1a/b and AANAT was identified; MTNR1a gene haplotype of CCTAT and CTAGT, and AANAT gene haplotype of GGG showed an increased risk in SLE susceptibility, but haplotype of TCTAT (MTNR1a) and CTG (AANAT) appeared to have a protective role.
The present study investigated the genetic association of SNPs in MTN pathway genes (MTNR1a/b and AANAT) with SLE susceptibility. However, there are some limitations in our study. First, the current study might be due to inherent selection biases such as a relative small sample size, the limited number of variables accounted, and the lack of information regarding body mass index (BMI) in healthy controls. Second, the potential confounding factors, such as type of treatments and concomitant infections, may have an effect on the level of MTN. Furthermore, although our study represented significant genetic variations regarding AANAT gene in Chinese SLE patients, the detailed mechanism about potential effect of the AANAT gene variation on SLE is scarce.
In conclusion, our study demonstrated that, in the Chinese population, the genetic polymorphism of MTN pathway genes associated with the susceptibility to SLE, as well as with specific clinical manifestations, suggesting that the MTN pathway genes might be involved in the pathogenesis and development of SLE. However, further large sample size studies in other population are needed to further reveal the significance of MTN pathway gene's polymorphisms in SLE. In addition, related mechanism researches are necessary to better understand the function of the MTN pathway gene SNP in different immune cell types and to evaluate its correlation with clinical features. SLE: systemic lupus erythematosus; SNPs: single-nucleotide polymorphisms; AANAT: arylalkylamine N-acetyltransferase; OR: odds ratio. Total χ 2 = 14:211, P = 0:003. All the haplotypes with a frequency < 0:03 were ignored in the analysis.
